Schizophrenia is a complex mental disorder with a fairly high degree of heritability.
Introduction
Recent neuroimaging studies show that structural brain abnormalities are an established feature of schizophrenia and are characterized by decreased total gray matter volume (1, 2) . These morphological correlates of schizophrenia range from a reduction in brain size to localized alterations in the morphology and molecular composition of specific neuronal, synaptic, and glial populations in specific brain areas such as the hippocampus, dorsolateral prefrontal cortex, and dorsal thalamus. These findings have fostered the current view of schizophrenia as a disorder of connectivity (3, 4) and of the synapse (5) . Although the mechanism underlying the neurodevelopmental/neurodegenerative process is still unclear, a way forward is provided by the recent identification of several putative susceptibility genes, such as Neuregulin 1 (6) , Dysbindin (7), G72 (8) , Catechol-o-methyltransferase [COMT] (9) (10) (11) , and others (12, 13) . For none of these genes, however, has a causative allele or the mechanism by which it predisposes to schizophrenia been identified.
Disrupted-in-schizophrenia 1 (DISC1) was first described as a strong candidate gene in a large Scottish family in which a balanced chromosomal translocation segregates with schizophrenia and other psychiatric disorders (12, 14, 15) .
The translocation mutation may result in loss of DISC1 function via haploinsufficiency or dominant-negative effects of a predicted mutant DISC1 truncated protein product.
DISC1 has been implicated in neurodevelopment, including maturation of the cerebral cortex (16) .
DISC1 interacts with several proteins, including NudE-like (NUDEL) (17) (18) (19) , lissencephaly-1 (LIS1, also called PAFAH1B1) (20) , fasciculation and elongation protein zeta 1 (FEZ1) (21) and phosphodiesterase 4B (PDE4B) (16) . Recently, we identified several novel DISC1-interacting molecules, including 14-3-3epsilon, Kinesin family 5A of Kinesen1 (KIF5A), and Growth factor receptor bound protein 2 (Grb2) by affinity column chromatography (22, 23). Furthermore, we confirmed that DISC1 regulates the localization of the NUDEL/LIS1/14-3-3epsilon or Grb2 complex into axons as a cargo receptor (22, 23) and it also regulates Neurotrophin-induced axon elongation by Grb2 (23).
In this study, we screened for the genetic association of DISC1-interacting molecules -NUDEL (17p13.1, OMIM: *607538), LIS1 (17p13.3, OMIM: #607432), 14-3-3epsilon (17p13.3, OMIM: *605066), Grb2 (17p24-q23, OMIM: *108355) and KIF5A (12q13, OMIM: *602821) -with schizophrenia, and identified the gene encoding 14-3-3epsilon (YWHAE) as a possible susceptibility gene. Our results show that a SNP of YWHAE, which influence the expression of 14-3-3epsilon RNA and protein, is associated with schizophrenia and seems to work protectively. We also investigated the behavioral phenotype of mice with about 50% reduction in 14-3-3epsilon protein expression and found that these mice displayed weak phenotypes consistent with some aspects of human schizophrenia.
Results

Screening analysis of DISC1-related genes and identification of YWHAE as a possible susceptibility gene for schizophrenia
To investigate whether novel DISC1-interacting molecules such as NUDEL, LIS1, YWAHE, GRB2, and KIF5A are associated with schizophrenia, we performed genetic association analyses using a Japanese population.
We failed to develop the genotyping of three SNPs in LIS1 (rs8082331, rs12938775 and rs4790348) and one SNP in GRB2 (rs16967795), therefore a total of 25 SNPs were assessed in this analysis.
Though genotype distributions of two SNPs significantly deviated from
Hardy-Weinberg Equilibrium (HWE, P HWE =.0143: rs4789172 in case sample, and P HWE =.0171: rs11172247 in control sample), those of the other markers were in HWE.
Six tagging SNPs in YWHAE were significantly associated with schizophrenia and also YWHAE showed gene-wide significance (permutation P=0.0021), whereas we found no association of tagging SNPs in NUDEL, LIS1, GRB2 or KIF5A (Table1).
Because six tagging SNPs in YWHAE located in the intron region, we performed dHPLC analysis in 5' flanking regions and entire exon regions of YWHAE to identify the possible causal polymorphism, and detected two SNPs: one in the 5' flanking region (-261 bp from the initial exon: rs28365859) and one in the 3'UTR (rs9393). Since the 5' flanking region SNP might have a functional effect due to its position, we focused on this SNP in the following analysis. (linkage disequilibrium structure of first-set samples in YWHAE can be seen in Fig. 1 ) First, to examine the association of this SNP, we expanded the sample size (1065 cases and 1386 controls in a second set of confirmation samples, for a total of P genotype =4.08×10 -5 ). Furthermore, the significance could be detected in either set independently (Table2). The commonly observed feature of these analyses was that the minor allele frequencies (MAFs) of this SNP were higher in controls than in schizophrenia patients. There was no discrepancy out of 380 randomly selected samples (190 cases and 190 controls) genotyped in duplicate and by another method (TaqMan Assay: C12125119) for this marker, suggesting it is unlikely that genotyping error had occurred.
Functional analysis of the promoter SNP in YWHAE: In vitro and in vivo expression assays
We first investigated the influence of rs28365859 on YWHAE expression by dual-luciferase assay, although there is no evidence that the region where this SNP is located on is evolutionally conserved and that any regions in YWHAE are match as a core promoter by in silico promoter detection software. As shown in Fig. 2 , a trend for significance in a promoterless vector and significance in a promoter vector were obtained in the different cell lines. The constructs containing a minor allele (C allele) showed higher expression in the promoter vector, suggesting that the C allele plays a possible enhancer role in these cell lines.
Next, to examine the role of this SNP in peripheral blood of healthy control subjects, real-time RT-PCR and western blot analysis were performed. Similar to the luciferase assays, heterozygous and homozygous minor allele (G/C and C/C genotype) subjects showed higher expression levels of 14-3-3epsilon than did homozygous major allele (G/G genotype) subjects (one-way ANOVA, P = 0.0251 and 0.0014 in real-time RT-PCR and western blot analysis, respectively). Experimental analysis were performed to examine the differences under an additive model (G/G vs G/C+C/C), again significant associations were obtained.
Furthermore, haplotype trend regression test was applied to check the effects of haplotypes of rs28365859 and other four SNPs in intron 1 (rs11655548, rs2131431, rs1873827 and rs12452627), which might also be in an enhancer region. This showed significant association in either analysis (P = 0.0282 and 0.0186 in real-time RT-PCR and western blot analysis, respectively), however, each SNP in intron 1 was not correlated with the expression level (data not shown).
Effect of reduction of 14-3-3epsilon protein on the cognitive functions of mice 14-3-3 proteins are highly conserved across species, from bacteria to humans, and bind to phosphoserine/phosphothreonine motifs in a sequence-specific manner (24-28). Previously we reported that 14-3-3epsilon binds to CDK5/p35-phosphorylated NUDEL and maintains NUDEL phosphorylation. To examine the protective effect of (30, 31) . Ywhae +/-mice appeared normal, healthy, and fertile (Table 3) .
To examine whether reduction in 14-3-3epsilon was associated with cognitive deficits, we analyzed Ywhae +/-mice and their wild-type littermates in working memory and reference memory tasks (Table 3) . To assess working memory of Ywhae +/-mice, we used a spatial working memory version of the 8-arm radial maze task (32, 33) . The mice were trained for 26 trials. During training, both control and mutant mice improved their performance and no significant difference was observed (P = 0.3325) (Fig. 3A) . The number of revisiting errors of Ywhae +/-mice was significantly more than their wild-type littermates during trials with a delay of 300 seconds (P = 0.0229) (Fig. 3C) . The number of different arms chosen during the first eight choices, which is considered a measure of working memory that is relatively independent of locomotor activity levels and the total number of choices, was not significantly affected by the deficit of 14-3-3epsilon protein during training and trials with 30, 120, 300 seconds of delay (P = 0.3325, 0.8972, 0.6476, and 0.5077, respectively) ( Fig. 3B and D) . These results suggest that Ywhae +/-mice show weak defects in working memory.
Next, we analyzed reference memory of Ywhae +/-mice, using the left-right discrimination test version of the T-maze. Ywhae +/-mice and their wild-type littermates were trained for 6 trials; then the correct side was reversed. The next 6 trials were performed under the reversal-learning condition. No significant difference was observed in the percentage of correct choices at the sixth trial (Ywhae +/+ , 80.647%; Ywhae +/-, 77.157%; P = 0.7516), and no significant difference was observed under the reversal-learning condition (P = 0.4567) ( Table 3 ). These results suggest that a decrease in the 14-3-3epsilon protein results in weak defects, specifically in spatial working memory.
Moderately enhanced anxiety-like behavior in Ywhae +/-mice in the elevated plus maze test
To examine the effect of 14-3-3epsilon deficit on anxiety-like behavior, Ywhae +/-mice and their wild-type littermates were analyzed in light/dark transition and elevated plus-maze tests. In light/dark transition, no significant difference was observed between Ywhae +/-mice and their wild-type littermates (Table 3 ). In the elevated plus-maze test, Ywhae +/-mice showed a smaller number of total entries (P = 0.0075) (Fig. 3E ), increased time spent on closed arms (P = 0.0195) ( Fig. 3F ) and decreased time spent on center area (P = 0.0012) ( 
Discussion
Association between YWHAE and schizophrenia
In this study, we have identified YWHAE, the gene encoding 14-3-3epsilon, using HapMap information) can support our results, since it showed the same trends in the distributions of MAFs (MAFs of these SNPs were higher in controls than in cases) (34) . However, a couple of limitations should be outlined. Firstly, our results that show statistical significances may be derived from unknown population stratification, since
Genomic Control was not included in this analysis. Secondly, there could be a possible effect of differential age distribution between cases and controls in the association analysis.
The in vitro luciferase assay suggests that the C allele might act as an enhancer, since significant luciferase induction could not be seen with the use of a promoterless vector, but luciferase activity could be assayed from the vector containing a promoter. Further, in vivo expression assays of RNA and protein in peripheral blood samples clarified the functional relevance of this SNP: Subjects who were heterozygous and homozygous with the C allele had higher expression of 14-3-3epsilon. Of note, our samples were control subjects not on medication; therefore, we could avoid the bias related to drug effects, which may be seen when studying schizophrenia subjects.
Also haplotype trend regression analysis showed that the haplotypes consisted of five SNPs located in 5' flanking region (rs28365859) and intron1 (rs11655548, rs2131431, rs1873827 and rs12452627) were correlated with the expression level of YWHAE, whereas each SNP in intron 1 was not correlated with the expression.
Therefore we speculate that this significant result in haplotype-wise analysis may be derived mainly from the effects of rs28365859.
We analyzed for the homology of genome sequence between human and mice Ywhae gene using 500bp upstream region from start ATG. About 200bp upstream region from start ATG shows high identity, however, a region containing rs2836589 SNP does not show homology. This result suggests that this SNP is not evolutionally conserved.
We searched for functional motif on the sequence in the 5' upstream region of YWHAE including rs28365859 using TESS: Transcription Element Search System (http://www.cbil.upenn.edu/cgi-bin/tess/tess). In minor allele (C allele), ubiquitously expressed cellular upstream stimulatory factor (USF) -interacting motif "CCACGT"
was detected in this in silico analysis. This result may explain a possible functional effect of this SNP, an upregulation of 14-3-3epsilon in C allele-harboring people, however, further analysis would be needed to provide definitive conclusion.
Role of 14-3-3epsilon in neuronal development
Several observations of the postmortem brain suggest that alterations in neuronal cell migration, and synaptic, dendritic, and axonal organizations occur in schizophrenia patients (35, 36) . Ywhae +/-mice show milder migration defects in both the cortex and the hippocampus, whereas Ywhae -/-mice display severe neuronal migration defects (29) . Primary hippocampal neurons from Ywhae -/-mice display shorter axons and a defect in accumulation of the NUDEL/LIS1 complex in the distal part of axons (29) . We confirmed that knockdown of 14-3-3epsilon by RNAi impairs not only the NUDEL/LIS1 complex transport into axons but also axon elongation (data not shown). Previously, we identified 14-3-3epsilon as an interacting molecule of DISC1 (22). DISC1 is required to transport the NUDEL/LIS1/14-3-3epsilon complex into axons (22). Of note, depletion of endogenous DISC1 by RNAi results in a severe neuronal migration defect in the developing neocortex via regulation of the dynein complex (37). These results and reports suggest that both DISC1 and 14-3-3epsilon are required for neuronal development via transport of the NUDEL/LIS1 complex. To clarify the functional relationship between 14-3-3 epsilon and DISC1 on neuronal development via transport of the NUDEL/LIS1 complex, further genetic analysis using knockout mice will be required.
Cognitive dysfunction of Ywhae +/-mice
Ywhae +/-mice, in which the expression of 14-3-3epsilon protein was reduced to about 50% compared with their wild-type littermates, showed weak cognitive dysfunction specifically in working memory (Table 3) . Interestingly, missense mutant mice of the DISC1 gene show defects in working memory (38) . Reduction of DISC1 or 14-3-3epsilon results in developmental defects of hippocampal neurons. These results and reports suggest that impairment of DISC1 or 14-3-3epsilon cause neuronal developmental defects, that result in cognitive dysfunction. Interestingly, impairment of working memory is one of the prominent features of schizophrenia symptomatology (39) (40) (41) . Non-synonymous polymorphism of DISC1 that consists of a serine to cysteine substitution at codon 704 (DISC1Ser704Cys) is reported to correlate with variations in hippocampal size and cognitive function including working memory, and is associated with schizophrenia (42) . Although relation between 14-3-3epsilon and cognitive function in human is not known, 14-3-3epsilon could be implicated in cognitive function that is associated with DISC1. Another prominent feature of schizophrenia symptomatology, prepulse inhibition (43), did not differ in Ywhae +/-mice compared with their wild-type littermates (Table 3) . Schizophrenia is a complex disorder with a variety of pathology and risk factor genes. It is a reasonable assumption that modification of a single gene does not mimic all features of schizophrenia symptomatology. We think that our results using Ywhae +/-mice partly support our genetic data. However, further analysis would be required to clarify a role of 14-3-3epsilon on cognitive functions and functional relationship between 14-3-3epsilon
and DISC1.
YWHAE as a possible susceptibility gene for schizophrenia
In this study, we found that a SNP of YWHAE that correlates the expression of 14-3-3epsilon is associated with schizophrenia, and that this SNP would reduce the risk of schizophrenia. Perhaps, increased 14-3-3epsilon expression in humans affected by the identified SNP is protective whereas decreased 14-3-3epsilon expression due to 50%
reduction by heterozygous knockout in mice results in behavioral deficits. At this point, we do not know why higher expression levels of 14-3-3epsilon reduce the risk of schizophrenia, or why lower expression levels of this gene result in increase of the risk in human and behavioral changes in mice. By its susceptibility genes, schizophrenia seems to be a complex disorder with multiple symptoms and genetic risk factors. We predict that schizophrenia would be divided into several classes by its susceptibility genes. Each class would have its own molecular/signaling pathway that plays important roles in the pathogenesis. DISC1 and its interacting molecules are required in neuronal developments and adult neurongenesis (44) , and would play critical roles in pathogenesis of specific classes of schizophrenia. In other classes of schizophrenia, the DISC1-pathway would not be implicated in the pathogenesis. Some genes could have redundant functions. 14-3-3epsilon is a member of adaptor proteins that interact with phosphorylated serine or threonine residue of target proteins. More than 100 of 14-3-3-binding partners involved in signal transduction, cell cycle regulation, apoptosis, stress responses, and malignant transformation have been identified (45) . Proteomic analysis of synapse revealed that 14-3-3epsilon forms a complex with NMDA receptor (46) . Placing these results and reports in the context of the pathogenesis of schizophrenia, 14-3-3epsilon could be a susceptibility gene of not only DISC1-implicated, but also wide range of schizophrenia because of its wide-variety of interacting partners. 14-3-3epsilon would be a key molecule to understand molecular mechanisms of susceptibility genes for schizophrenia.
Materials & Methods
Subjects in genetic association analyses
In the genetic association analyses, two independent sets of subjects were years). All subjects were unrelated to each other and reported to be of Japanese ethnicity.
Forty patients with schizophrenia were used as subjects for a mutation search; these subjects were also included in the first-set screening scan. The schizophrenia patients were diagnosed according to criteria in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition after at least two experienced psychiatrists reached consensus on the diagnosis on the basis of unstructured interviews and review of medical records.
All healthy controls were also psychiatrically screened on the basis of unstructured interviews; to exclude subjects with any brain disorder, or psychotic disorder, or who had first-degree relatives with psychotic disorders, trained psychiatrist interviewed them to assess current and/or past mental states (psychotic, mood, anxiety, obsessive-compulsive symptoms) and family history. After description of the study, written informed consent was obtained from each subject. This study was approved by the ethics committees at Fujita Health University, Teikyo University, Okayama University, and Nagoya University Graduate School of Medicine.
SNP selection and genotyping
For linkage disequilibrium (LD)-based association analysis using the first set of screening samples, we first consulted the HapMap and dbSNP databases to pick up "tagging SNPs". From the HapMap database (Data Release #21: population JPT: MAF of more than 0.05: regions 8275000..8320000 for NUDEL, 2440000..2537000 for LIS1, 1193000..1256000 for YWHAE, 70823000..70917000 for GRB2, 56227000..56266000
for KIF5A), we selected a total of 27 tagging SNPs (one SNP for NUDEL, six SNPs for LIS1, nine SNPs for YWHAE, six SNPs for GRB2 and five SNPs for KIF5A) with a threshold criterion of r 2 > 0.8 in pairwise tagging mode using Tagger software (47) . Two SNPs (one for NUDEL, rs3744652 and one for YWHAE, rs34041110) were added for denser mapping.
All SNPs were genotyped by TaqMan assays, primer extension using dHPLC, and polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assays as described previously (48) . More detailed assay information can be found in Supplementary Table S1 .
Mutation search
After we detected significant association of YWHAE in screening samples, we used denaturing high-performance liquid chromatography (dHPLC) analysis for a mutation search, the details of which are described in a previous paper (48) . Primer pairs (Supplementary Table S2 ) were designed with the use of information from the GenBank sequence (accession number: NT 010718.15) into 10 amplified regions, which covered all the coding regions, the branch sites, and the 5'-flanking region 1,026 bp upstream from the initial exon of YWHAE.
In vivo and in vitro expression assays
We used a Dual-Luciferase assay, real-time RT-PCR and western blot analysis to examine the influence of SNP rs28365859 in the 5' flanking region on expression levels of YWHAE. For the Dual-Luciferase assay, 497-bp fragments that included rs28365859 were PCR amplified (Supplementary Table S1 ). Genomic DNAs with identified genotypes were used as templates, and PCR products of either genotypes were cloned into a pGL3-basic vector and a pGL3-promoter vector (Promega, WI). For in vitro assays (real-time RT-PCR and western blot analysis), we processed and analyzed a total of 27 peripheral blood samples from normal control subjects to determine the amount of YWHAE transcript or protein: 16 subjects with homozygous major alleles (G/G genotype: 7 male and 9 female; 32.6 ± 6.4 years) in rs28365859; 8 subjects with heterozygous major alleles (G/C genotype: 4 male and 4 female; 33.5 ± 7.7 years); and 3 subjects with homozygous minor alleles (C/C genotype:
1 male and 2 female; 51.3 ± 17.0 years). These subjects were healthy controls who had not received any medication within at least 1 month before the collection of RNA and protein.
In In the western blot analysis, lymphocytes were purified (Axis-Shield, Oslo, Norway) and protein concentrations were determined with bovine serum albumin as the reference protein. The antibody against 14-3-3epsilon and alpha-tubulin were purchased (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Proteins were subjected to SDS-PAGE, followed by immunoblot analyses with anti-14-3-3epsilon or anti-alpha-tubulin antibody. The amount of 14-3-3epsilon was detected by chemiluminescence in a linear range using serial dilutions of standards and was estimated with Densitograph (ATTO, Tokyo, Japan). alpha-tubulin was used as the standard for quantification. The results of these in vivo and in vitro expression assays were representative of three independent experiments.
Animals and experimental design
Ywhae +/-mice and their wild-type littermates were obtained as previously reported (29) . Genetic background of mice is mixed 129/S6 x NIH Black Swiss. All behavioral tests (8-arm radial maze test, elevated plus-maze test, T-maze test, light/dark transition test, and startle response/prepulse inhibition tests) were carried out with male mice that were 9~10 weeks old at the start of the testing. Heterozygous knockout mice and wild-type littermates were compared in experiments. Mice were housed in a room with a 12-hour light/dark cycle (lights on at 7:00 a.m.) with access to food and water ad libitum. Behavioral testing was performed between 9:00 a.m. and 6:00 p.m. 
Statistical analysis
Tests for Hardy-Weinberg equilibrium and marker-trait association were evaluated by χ 2 test (SAS/Genetics, release 8.2, SAS Institute Japan Inc, Tokyo, Japan).
Gene-wide significance of single-SNP test was estimated by permuting phenotype status to generate 10,000 data set of SNPs in each gene under null hypothesis of no association Table 3 Comprehensive behavioral test battery a *<0.05, **<0.01
Legends to Figures
Behavioral test battery was performed in the following order.
General health/neurological screen, wire hang, grip strength test, light/dark transition, open field, elevated plus maze, hot plate, social interaction (novel environment), rotarod, prepulse inhibition, Porsolt forced swim, eight arm radial maze, T-maze, cued and contextual fear condition test, latent inhibition, tail suspension test.
